The pressure dependence of light-induced effects in single-crystalline BiFeO 3 is studied by optical spectroscopy. At low pressures, we observe three light-induced absorption features with energies just below the two crystal field excitations and the absorption onset, respectively. These absorption features were previously ascribed to excitons, possibly connected with the ultra-fast photostriction effect in BiFeO 3 . The pressure-induced redshift of the absorption features follows the pressure dependence of the corresponding crystal field excitations and absorption onset, suggesting the link between them. Above the structural phase transition at P c1 ≈ 3.5 GPa the three absorption features disappear, suggesting their connection to the polar phase in BiFeO 3 . The pressure-induced disappearance of the photo-induced features is irreversible upon pressure release.
I. INTRODUCTION
Materials with the chemical formula ABX 3 , where A and B denote cations and X denotes an anion, often deviate from the ideal cubic perovskite structure 1 (space group P m3m) and show distortions leading to a plethora of interesting physical properties such as piezoelectricity, pyroelectricity, (anti-) ferroelectricity, or even multiferroicity. [2] [3] [4] An intensively studied perovskite oxide is bismuth ferrite BiFeO 3 (BFO). It crystallizes at ambient conditions in a highly distorted perovskite rhombohedral R3c structure with lattice parameter a rh = 5.6343Å and α rh = 59.348 • . 5 BFO presents oxygen octahedra a − a − a − anti-phase tilts in Glazer's notation 6 , together with an important displacement of the Bi and Fe cations along the [111] pc pseudocubic direction. 5 The large cation displacement results from the stereochemically active Bi(6s 2 p 0 ) lone pair 7, 8 , and leads consequently to an important net ferroelectric polarization of BFO. The high theoretical polarization value of around 90 µm/cm 2 (see Ref. 9 ) was experimentally confirmed. 10, 11 Ferroelectricity in perovskite oxides can be explained by an imbalance between Coulomb interactions favoring ferroelectric distortions and short-range repulsion which prefer the undistorted high-symmetry structure. 12, 13 By applying hydrostatic pressure on a ferroelectric crystal, the short-range repulsions increase faster than the Coulomb interactions, leading to a reduction and even to the disappearance of ferroelectricity in perovskite crystals. 14 Interestingly, a report of Kornev et al. 15 predicted the reappearance of ferroelectricity at even higher pressures, which was verified experimentally on the model ferroelectric perovskite PbTiO 3 . 16 a) Electronic mail: christine.kuntscher@physik.uni-augsburg.de Accordingly, the transition from the ferroelectric to the paraelectric state is related to a structural phase transition. BFO undergoes multiple structural phase transitions under pressure, where the first phase transition occurs at P c1 ≈ 3.5 GPa. [17] [18] [19] There are inconsistent reports regarding the crystal structure of BFO above P c1 (see Fig. 2 in Ref. 17) , including orthorhombic 17,19-23 , monoclinic [24] [25] [26] or a mixture 19, 27, 28 of various phases. The corresponding space group for the possible monoclinic symmetry was suggested to be C2/m and the orthorhombic phases were reported to exhibit Ima2, I2cm, I2cb, P bam, Ibam, Cmmm, P na2 1 or even P 222 1 symmetry. The space groups Ima2, I2cm, I2cb and P na2 1 proposed by Guennou et al. 17 and Buhot et al. 23 possess ferroelectric ordering 29 and the P bam structure is by symmetry anti-polar 22 . The other reported orthorhombic phases exhibit a non-polar symmetry. In the pressure range 10 -12 GPa a structural phase transition to the macroscopically non-polar P nma phase occurs. 17, 19, 24, 28 A very interesting subarea of ferroelectric compounds is their interaction with light, for example, above-band gap voltages, optical control of polarization, photoelectricity, or an enhancement of ferroelectric polarization under light illumination. [30] [31] [32] [33] [34] A still not completely understood mechanism is the so-called photostriction effect, i.e., incident light changes the lateral dimensions of a crystal. [35] [36] [37] [38] Early reports 39, 40 explained photostriction as a superposition of the bulk-photovoltaic and the inverse piezoelectric effect. However, ultra-fast timeresolved x-ray diffraction (XRD) studies on BFO disagree with this classical explanation and claimed in the case of BFO the creation of excitons during light illumination. 41 Two recent optical spectroscopy studies 42, 43 observed three absorption features on BFO single crystals during laser illumination which are energetically close to the crystal field excitations and the absorption onset. These features were interpreted in terms of exci-tons. Temperature-dependent measurements 43 suggested a coupling of the light-induced excitons to phonons and potentially also to magnons.
Here, we study the effect of hydrostatic pressure on the photo-induced absorption features in BFO, in order to investigate a potential link between the absorption features and the ferroelectric R3c phase. The pressure-induced phase transition from the polar to a non-polar structure in BFO opens the possibility to gain further information on the mechanism underlying the photostriction effect in BFO.
II. EXPERIMENTAL METHOD
The transmission measurements in the frequency range 8500 -18000 cm −1 (1.05 to 2.23 eV) were carried out with a Bruker IR-scope coupled to a Bruker Vertex 80v FTIR spectrometer. A clamp diamond anvil cell (Diacell cryoDAC-Mega) with a culet diameter of 500 µm generated pressures up to 5.3 GPa. The investigated BFO single crystal was grown by the flux method as described in Refs. 11 and 44. We cut a small piece with lateral dimensions of approx. 150 µm × 75 µm from the very same BFO single crystal which was used for optical measurements at ambient conditions in Ref. 42 . The single crystal was polished to a thickness of approx. 35 µm. The sample is in a multidomain state [see polarized light microscopy image in Fig. 1(d) of Ref. 42 ]. Nevertheless, the photo-induced changes are representative, since the probing spot was kept constant during the whole pressure cycle. We placed the sample in the hole of a CuBe gasket and used an alcohol mixture (methanol:ethanol=4:1) as pressure transmitting medium since it provides hydrostatic conditions up to 10.5 GPa. 45 For the pressure determination inside the diamond anvil cell (DAC) we used the ruby R-line luminescence shift. 46 In our pressure cycle up to 5.3 GPa the ruby luminescence spectra show symmetric R1 and R2 peaks underpinning the hydrostatic pressure conditions.
We measured the intensities I BFO (ν) and I ref (ν) of the radiation transmitted through the BFO crystal and the pressure transmitting medium in the DAC, respectively. The transmission and absorbance spectra were calculated according to
The setup for measuring the photo-induced optical response is similar to the one described in Ref. 43 : We used a blue laser for excitation (λ=473 nm, E=2.6 eV, P =23.5 mW, polarization ratio larger than 100:1, beam diameter: approx. 1.2 mm, cw). A 45 • mirror was fixed below the upper Cassegrain objective of the IRscope, in order to deflect the laser beam onto the sample, and a longpass filter with cut-off wavelength of λ cut−off =495 nm was mounted in front of the detector. In addition, we placed a converging lens between the laser and the 45 • mirror, in order to increase the energy density of the laser on the sample. The focused laser spot had a diameter of ∼200 µm leading to an energy density of around 750 mW/mm 2 . This is orders of magnitudes smaller than the energy densities which were used in former Raman-measurements on BFO. 47-50 Accordingly, we can exclude that the laser leads to a temperature increase of the sample during our measurements.
III. RESULTS AND DISCUSSION
Absorbance spectra of the BFO single crystal for selected pressures between 0.4 and 5.3 GPa without laser illumination are depicted in Fig. 1(a) . All spectra show similar characteristics, namely two absorption bands due to d-d crystal field excitations ( 6 A 1g → 4 T 1g , 6 A 1g → 4 T 2g ) and a steep absorption onset at higher energies, consistent with the literature. 9, 18, 42, [51] [52] [53] At 0.4 GPa the crystal field transitions are located at 1.41 eV and 1.91 eV, respectively, which is in fair agreement with previous optical measurements on BFO under pressure. 18 With increasing pressure the crystal field excitations and the absorption onset shift to lower energies consistent The pressure-induced changes in the absorbance spectra are related to the strong influence of external pressure on the ambient-pressure R3c crystal structure: the rhom- boedral lattice parameter a rh decreases with increasing pressure, whereas the rhomboedral cell distortion angle α rh shows an increase. 26 In contrast, the FeO 6 tilting angle decreases under pressure and the value of the Fe-O bond length decreases as well. 24 Since the crystal field transitions depend mainly on the FeO 6 local structure, they are highly sensitive to changes of the Fe 3+ coordination. 18 The pressure-induced decrease of the Fe-O bond length leads to an increase of the e g -t 2g crystalfield splitting. 18 According to the Tanabe-Sugano diagram [see Fig. 5 (a) in Ref. 18 ] the 4 T 1g and 4 T 2g crystal field transitions are expected to shift to lower energies under pressure. 18 The overall absorbance increase between 3.5 and 4.1 GPa might be due to a change in the electronic structure or due to the structural phase transition at P c1 . 17, 24 Also the energy position of the absorption onset changes significantly under pressure, since it is highly sensitive to structural changes. 18 For a quantitative analysis of the pressure-induced changes regarding the crystal field excitations and the absorption onset, we fitted the absorbance spectra measured without laser illumination with two Gaussian functions for describing the crystal field excitations and one Lorentzian term for the absorption onset [see Fig. 1(b tainty, since we can fit the onset only up to 18 000 cm −1 (≈ 2.23 eV). Therefore, instead of using the energy position of the Lorentzian function as a measure for the position of the absorption onset, we used the frequency where the absorbance level reaches the value A=2.0. We consider this criterion as reliable, since the frequency, where A=2.0, is high enough not to get disturbed by the crystal field excitation 4 A 1g → 4 T 2g and low enough not to be masked by noise close to the high-frequency limit of our measurements. Furthermore, we note that in the pressure regime P ≤ 3.5 GPa, which is relevant for the observed features under laser illumination (as the features disappear above 3.5 GPa), the two differ-ent analysis methods for the absorption onset (Lorentz position versus frequency of the A=2.0 level) only differ by a pressure-independent offset. Thus, the choice of the analysis method will not change the main conclusions drawn in the following.
The pressure-dependent energy positions of the crystal field excitations and the absorption onset are plotted in Fig. 4 . Up to P c1 ≈ 3.5 GPa, all three intrinsic excitations shift monotonically to lower energy with increasing pressure. At P c1 the pressure-induced redshift of the absorption onset and the 4 T 1g excitation shows an anomaly, whereas the monotonic redshift of the 4 T 2g excitation is barely affected, consistent with earlier reports. 18 In the following, we focus on the laser-induced features in the absorbance spectrum of BFO. Recent optical measurements at ambient pressure 42, 43 observed three absorption features during laser illumination. Since the spectral changes caused by the laser illumination were very small, the transmission difference spectrum ∆T (ν) was considered:
(1)
Hereby, I BFO,on/off (ν) is the intensity transmitted by the BFO crystal without laser illumination ("off") or during laser illumination ("on"), respectively, and I ref (ν) represents the intensity of the reference. The light-induced features were previously 42, 43 interpreted in terms of excitons, which are possible related to the ultra-fast photostriction effect in BFO. 41 Figure 5 (a) shows the absorption spectrum of illuminated and non-illuminated BFO at 0.4 GPa as an example. The light-induced spectral changes are extremely small, consistent with Refs. 42, 43 , so we consider the transmission difference spectra ∆T , which is depicted with a vertical offset in Fig. 5(c) for pressures up to 5.3 GPa. Between 0.4 and 3.5 GPa the transmission difference spectra consist of three asymmetric absorption features, which are labeled as feature A, B, and C, respectively. With increasing pressure the features shift to lower energies [indicated by dashed lines in Fig. 5(c) ] and lose intensity. At 3.5 GPa feature A and B are still clearly observable, and feature C is close to disappear but is still slightly visible. For pressures above 3.5 GPa all features have disappeared, i.e., the transmission spectra with and without laser illumination are equal to each other. During pressure release only one broad dip located at around 9000 cm −1 appears at the lowest pressure (1.1 GPa Re), i.e., the pressure-induced suppression of the absorption features is irreversible upon pressure release.
In order to determine the exact position of the features, we apply the same analysis of the data as described in Ref. 43: We fit the features A, B and C by using a Breit-Wigner-Fano (BWF) line shape each [see Fig. 5(b) ] and determined the feature positions by equalizing the derived BWF formula to zero and insert the parameters from the fit. For feature A a good fit can only be obtained for pressures below 3.3 GPa and for feature C below 3.5 GPa.
At the lowest pressure (0.4 GPa) the features are located at ν A = 9721 cm −1 (E A = 1.21 eV), ν B = 13400 cm −1 (E B = 1.66 eV) and ν C = 17243 cm −1 (E C = 2.14 eV). This is in good agreement with earlier measurements at ambient conditions. 42 The feature positions at 0.4 GPa are indicated by red triangles in Fig. 5(a) . Obviously, they lie on the low-energy side of the crystal field excitation/absorption onset, respectively. The energy positions of features A, B, and C as obtained from the fitting are plotted in Fig. 5(d) as a function of pressure. All three features exhibit an individual redshift in the pressure range between 0.4 and 3.5 GPa.
According to the electronic band scheme suggested in Ref. 43 the excitonic excitations are linked to the intrinsic excitations in BFO. Indeed, the pressure-dependent energies of the three absorption features follow the pressure dependence of the crystal field excitations and the absorption onset, respectively, as illustrated in Fig. 6 : The energy difference ∆ between the crystal field excitation/absorption onset and the corresponding absorption feature does not show a clear pressure dependence within the error bar. 54 Accordingly, the pressure-dependent shifts of the laser-induced absorption features are mainly determined by the pressure-dependent shifts of the intrinsic excitations in BFO.
As a consequence, a possible pressure dependence of the excitonic features due to their coupling to phonon modes, as suggested previously based on the temperature-dependent behavior, 43 is masked by the rather strong pressure dependence of the intrinsic excitations in BFO (please note that the pressure dependence of the intrinsic excitations is much stronger than their temperature dependence). In particular, most of the infrared (IR)-and Raman-active phonon modes in BFO show a hardening with increasing pressure below P c1 . As an example, we show in Fig. 7 the frequency of the phonon mode E(7) as a function of pressure normalized to its ambient-pressure frequency, as obtained by Raman and IR measurements. 18, 24 Only the phonon mode E(6) softens gradually under compression (see Fig. 7 for the pressure-dependent frequency position normalized to its ambient-pressure value) and could possibly explain the observed pressure-induced redshift of the laser-induced absorption features.
Remarkably, the intensity of the light-induced absorption features are strongly affected by the pressure application: with increasing pressure the intensity of the absorption features decreases gradually, and the features disappear at the critical pressure P c1 of the structural phase transition. Interestingly, also the electric polarization of BFO connected to the R3c phase decreases with increasing pressure 22 and disappears above P c1 . [19] [20] [21] [22] [24] [25] [26] [27] [28] Additional studies are needed to elucidate the atomistic and electronic origin of the disappearance of the features above P c1 . During pressure release only feature A reappears at 1.1 GPa [see Fig. 5 (c)], indicating an irreversible process. Literature is not consistent regarding the reversibility of the pressure-induced structural changes in BFO. Haumont et al. 24 observed the full reversibility of their XRD pattern after reaching 37 GPa. In contrast, high-pressure XRD measurements on BFO from Belik et al. 21 showed a mixture of P bam and R3c phases below 0.9 GPa during pressure-release. The pressure value for the appearance of the R3c+P bam mixture is in fair agreement with the pressure 1.1 GPa, where we observe hints for the reappearance of the absorption feature A.
IV. CONCLUSION
We studied the optical transmission spectrum of an illuminated BiFeO 3 single crystal for hydrostatic pressure between 0.4 and 5.3 GPa. At low pressures, we observe three light-induced absorption features, which were previously ascribed to excitons. With increasing pressure all three absorption features shift to lower energies, following the pressure dependence of the corresponding crystal field excitation or absorption onset. The intensity of the three features decreases with increasing pressure and they are no longer visible above the critical pressure P c1 ≈3.5 GPa of the structural phase transition, suggesting a link between the light-induced absorption features and the ferroelectric R3c phase.
